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Abstract. To evaluate the effect of recombinant human 
thrombomodulin (rTM) on sepsis, the levels of nucleosome as 
well as high‑mobility group box 1 (HMGB1) and cytokines in 
sera and peritoneal fluids were measured in a mouse model of 
lipopolysaccharide (LPS)‑induced sepsis after administration 
of rTM. C57BL/6 mice were intraperitoneally injected with 
LPS (15 mg/kg; Escherichia coli O111:B4) with or without 
the intravenous administration of rTM (3 mg/kg; 30 min prior 
to or 2 h after LPS injection). The survival rates were evalu-
ated and levels of tumor necrosis factor (TNF)‑α, interleukin 
(IL)‑6, monocyte chemoattractant protein (MCP)‑1, HMGB1 
and nucleosome in sera and peritoneal fluids were analyzed by 
ELISA. Administration of rTM prior to or after LPS improved 
the survival rate of septic mice. In addition, rTM administered 
prior to or after LPS suppressed the level of pro‑inflammatory 
cytokine TNF‑α in sera at 1‑3 h after LPS injection, whereas 
only the administration of rTM after LPS suppressed the levels 
of HMGB1 and nucleosome (late‑phase mediators of sepsis) 
(9‑12 h) in sera after the LPS injection. Furthermore, admin-
istration of rTM prior to or after LPS suppressed the level of 
TNF‑α in the peritoneal fluids at 1‑3 h after LPS injection, 
whereas only the administration of rTM after LPS suppressed 
the levels of IL‑6 and MCP‑1 in the peritoneal fluids at 
6‑9 h after LPS injection. These observations indicated that 
administration of rTM significantly improves the survival rate 
and suppresses the increased levels of TNF‑α, IL‑6, MCP‑1, 
HMGB1 and nucleosome in the LPS‑induced septic shock 
model. Thus, rTM may exert a protective action on sepsis and 

reduce mortality, possibly by reducing not only the levels of 
cytokines and chemokine but also the levels of late‑phase 
mediators of sepsis.

Introduction

In patients with septic shock, coagulation and fibrinolysis are 
activated, and excess inflammatory and immune responses 
eventually lead to disseminated intravascular coagulation 
(DIC) (1‑3).

During septic DIC, damage‑associated molecular patterns 
(DAMPs) such as DNA, high‑mobility group box 1 (HMGB1) 
and histone, as well as pathogen‑associated molecular patterns 
(PAMPs) such as lipopolysaccharide (LPS), peptidoglycans 
and lipoteichoic acid are released from the damaged host 
cells and invading microorganisms, respectively (4). These 
molecules are recognized by pattern‑recognition receptors 
(PRRs) of immune cells, thereby initiating systemic activation 
of immune responses and the production of pro‑inflammatory 
cytokines (2,3). As a result, systemic spread of inflammation 
leads to organ injury and increased mortality (2,3,5,6).

Neutrophils are particularly important in this process, 
as they work at the frontline of host defense and account for 
the majority of immune cells (2,5). Neutrophil extracellular 
traps (NETs) have attracted increased attention over the last 
decade (6,7). NETs are web‑like extracellular structures and 
are formed with genomic DNA and antimicrobial proteins, 
including histones, myeloperoxidase and neutrophil elas-
tase, which are expelled from activated neutrophils  (6‑8). 
NETs rapidly trap and kill microbial pathogens in the blood 
and tissues and prevent bacterial dissemination  (5‑7,9,10). 
Simultaneously with NET formation, HMGB1 and histone 
are excessively released from the damaged host cells (7,9,11) 
and have been shown to be lethal late phase mediators of 
sepsis (3,12‑15).

The efficacy of recombinant human thrombomodulin 
(rTM) in treating septic DIC has been shown by numerous 
studies (10,16‑18). TM, which is expressed on the endothelial 
cell surface, is a thrombin‑binding anti‑coagulant cofactor. 
The structure of TM comprises five domains, including 
the three extracellular domains: The N‑terminal lectin‑like 
domain TM‑D1, followed by epidermal growth factor‑like 
domain TM‑D2 and O‑glycosylation‑rich domain TM‑D3. 
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TM binds to thrombin with a high affinity via TM‑D2 
and inhibits the action of thrombin (19,20). Furthermore, 
thrombin‑TM complexes activate protein C and activated 
protein C (APC) degrades coagulation factors Va and 
VIIIa (10,19,21).

In addition to its anti‑coagulant activity, TM exhibits an 
anti‑inflammatory action through APC (19,21). APC binds to 
the endothelial protein C receptor to activate protease‑acti-
vated receptor 1, thereby eliciting anti‑inflammatory and 
cytoprotective (anti‑apoptotic) signaling responses in endo-
thelial cells (21,22). APC downregulates the production of 
pro‑inflammatory cytokines such as tumor necrosis factor‑α 
(TNF‑α) by monocytes via the inhibition of the nuclear 
translocation of nuclear factor κB (NF‑κB) (3,22,23). APC 
also binds selectins to limit the rolling of neutrophils and 
monocytes on injured endothelium (18,23,24). Furthermore, 
HMGB1 is degraded by a thrombin‑TM complex, whereas 
histone is cleaved by APC activated by a thrombin‑TM 
complex (3,19,22). Thus, TM exerts a protective action on 
sepsis based on its anti‑coagulant and anti‑inflammatory 
properties due to inactivation of coagulation factors, suppres-
sion of cytokine production and degradation of HMGB1 and 
histones as DAMPs, ultimately contributing to the improve-
ment of the survival rate (11,17,19).

However, it has remained elusive whether TM modulates 
other components of DAMPs such as DNA‑histone complex 
(nucleosome) in septic shock. Therefore, the present study 
evaluated the effect of rTM on the levels of nucleosome as 
well as HMGB1 and cytokines in sera and peritoneal fluids 
using in a lipopolysaccharide (LPS)‑induced murine model 
of sepsis.

Materials and methods

Sepsis model. Male C57BL/6 mice (age, 6‑8 weeks; weight, 
20‑25 g; ORIENTAL YEAST Co., Tokyo, Japan) were 
used. All mice were provided with standard mouse chow 
and water ad libitum. All of the experimental procedures 
were performed after obtaining the approval of the Ethical 
Committee for Animal Experiments of Juntendo University 
(Tokyo, Japan). Animals were divided into four groups (n=8 
each) treated as follows: 15 mg/kg LPS (Escherichia coli 
0111:B4; Sigma‑Aldrich; Merck  KGaA, Darmstadt, 
Germany) diluted with 200 µl sterile physiological saline 
as a bolus injection into the peritoneal cavity (LPS group); 
3 mg/kg rTM (ART‑123; Asahi Kasei Pharma Co., Tokyo, 
Japan) diluted with 200 µl sterile physiological saline was 
administered as a bolus injection into a caudal vein 30 min 
before or 2 h after the LPS‑injection (rTM pre‑administration 
group or post‑administration group, respectively). As a 
control, an equal volume of physiological saline was admin-
istered instead of LPS and rTM (control group). Prior to a 
bolus injection into a caudal vein, mice were anesthetized 
using isoflurane (Mylan Seiyaku Co., Osaka, Japan). Survival 
was monitored for up to 3 days.

Measurement of cytokines, HMGB1 and nucleosome. At the 
indicated time‑points (3, 6, 9 and 12 h after LPS administra-
tion in both groups and at 1 h after LPS administration in the 
rTM pre‑administration group), mice were anesthetized using 

isoflurane and blood and peritoneal fluids were collected: 
Blood was collected via cardiac puncture and ascites were 
collected by washing and aspirating the peritoneal cavity with 
2 ml cold PBS. Blood and ascites were centrifuged at 1,500 x g 
for 10 min at 4˚C, and stored as serum and peritoneal fluids, 
respectively, at ‑30˚C until use. For measuring nucleosome, 
10 mM EDTA was added to sera and peritoneal fluids at a 
1/10 volume ratio to inactivate nuclease, and the mixture was 
stored at ‑30˚C.

TNF‑α in sera was measured using a Mouse TNF Alpha 
ELISA Ready‑Set‑Go! (eBioscience, San Diego, CA, USA). 
HMGB1 in sera and peritoneal fluids was measured using 
an HMGB1 ELISA kit (Shino‑Test Corp., Tokyo, Japan). 
Nucleosome in sera and peritoneal fluids was measured using 
a Cell Death Detection ELISA Plus kit (Roche Diagnostics, 
Indianapolis, IN, USA) and the concentrations were calcu-
lated based on the standard curve using a positive control  
(a DNA‑histone complex) contained in the kit. Alternatively, 
TNF‑α, interleukin 6 (IL‑6) and monocyte‑chemoattractant 
protein‑1 (MCP‑1) in peritoneal fluids were measured by cyto-
metric bead array (Mouse Inflammation Kit, BD Biosciences, 
San Jose, CA, USA).

Statist ical analyses. Values are expressed as the 
means  ±  standard deviation. All statistical analyses were 
performed using GraphPad Prism version 5.01 (GraphPad 
Software Inc., La Jolla, CA, USA). The levels of cytokines, 
HMGB1 and nucleosome were compared between the control 
and LSP groups, and between the LPS group and rTM 
pre‑administration group or rTM post‑administration group 
using Student's t‑test. A Kaplan‑Meier curve was drawn and 
the survival difference was examined by using the log‑rank 
test. P<0.05 was considered to indicate a statistically signifi-
cant difference.

Results

rTM increases the survival of LPS‑induced septic model mice. 
In the LPS‑induced septic model, rTM administration signifi-
cantly improved the survival rate of mice from 12.5 to 100% 
in the rTM pre‑administration and post‑administration groups 
at 72 h after the LPS injection (P<0.01; Fig. 1).

rTM suppresses LPS‑induced increases in TNF‑α, HMGB1 
and nucleosome in sera of septic mice. In the control group, 
TNF‑α was not detected in sera. However, in the LPS group, the 
serum level of TNF‑α reached a maximum (977±149 pg/ml) at 
1 h after the LPS injection (Fig. 2A). TNF‑α levels were signif-
icantly suppressed in the rTM pre‑administration group at 1 h 
after the LPS injection (P<0.05) and in the rTM post‑adminis-
tration group at 3 h after the LPS injection (P<0.01).

In the control group, low levels of HMGB1 (~4 ng/ml) and 
nucleosome (relative concentration, ~3) were detected in sera 
(Fig. 2B and C). However, in the LPS group, the serum levels 
of HMGB1 and nucleosome were increased at 1, 3 and 6 h 
and further enhanced at 9 and 12 h after the LPS injection. 
Of note, in the rTM post‑administration group, the levels of 
HMGB1 and nucleosome were significantly suppressed at 12 h 
(P<0.05) and 9 h (P<0.01), respectively, after the LPS injection 
(Fig. 2B and C).
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Effects of rTM on cytokines, HMGB1 and nucleosome in peri‑
toneal fluids of septic mice. In the control group, TNF‑α was 
not detected in peritoneal fluids. However, in the LPS group, 
the level of TNF‑α reached a maximum level (105±16 pg/ml) 
at 1 h after LPS injection (Fig. 3A). TNF‑α levels were signifi-
cantly suppressed in the rTM pre‑administration group at 1 h 
after the LPS injection (P<0.05), and in the rTM post‑adminis-
tration group at 3 h after the LPS injection (P<0.05).

In the control group, IL‑6 was not essentially detected in 
peritoneal fluids. However, in the LPS group, the level of IL‑6 
gradually increased, reached a maximum (3,998±554 pg/ml) 
at 3 h after the LPS injection and remained almost stable 
thereafter (Fig.  3B). Of note, the IL‑6 level in the rTM 
post‑administration group was significantly suppressed at  
9 and 12 h after the LPS injection (P<0.05).

In the control group, MCP‑1 was not detected in perito-
neal fluids. However, in the LPS group, the level of MCP‑1 
gradually increased, reached a maximum (5,492±160 pg/ml) 
at 3 h after the LPS injection and remained almost at the same 
level thereafter (Fig. 3C). Of note, the MCP‑1 level in the rTM 
post‑administration group was significantly suppressed at 12 h 
after the LPS injection (P<0.05).

At 1, 3, 6, 9 and 12 h after the saline injection, HMGB1 
in the peritoneal fluids of control mice was detected to be 
80‑100 ng/ml. Of note, the HMGB1 level was significantly 
decreased at 1, 3, 6, 9 and 12 h after the LPS injection regard-
less of pre‑administration and post‑administration of rTM 
(P<0.01) and HMGB1 was significantly decreased in the 
post‑rTM group compared to the LPS group at 3 h after LPS 
injection (P<0.05; Fig. 3D).

In the control group, low levels of nucleosome (relative 
concentration, 0.2‑2) were detected in the peritoneal fluids 
of control mice at 1, 3, 6, 9 and 12 h after saline injection 
(Fig. 3E). Nucleosome levels were slightly increased (relative 
concentration, 2.5‑4) at 1 and 6 h after the LPS injection. 
Of note, the nucleosome levels were further increased (3‑ to 
5‑fold) by pre‑administration and post‑administration of rTM 
(P<0.01).

Discussion

In the present study, the effect of rTM on the level of nucleo-
some as well as HMGB1 and cytokines in sera and peritoneal 
fluids was evaluated using in a mouse model of LPS‑induced 
sepsis.

Septic shock is the result of an uncontrolled inflammatory 
response of the host's innate immune system towards invading 
pathogens (1‑3). Macrophages/monocytes recognize DAMPs 
and PAMPs via PRRs and produce pro‑inflammatory cyto-
kines (such as TNF‑α and IL‑6), chemokines and nitric oxide, 
which initiate an inflammatory response (3), which directly 
and indirectly causes widespread tissue injury and organ 
dysfunction (5,6).

Analysis of pro‑inflammatory cytokine production in 
sepsis has revealed that serum levels of TNF‑α peak at the 
early phase and decrease to undetectable levels in the late 
phase  (3,11,13,14). The release of HMGB1 as a delayed 
mediator of inflammation occurs considerably later than the 
secretion of classical early pro‑inflammatory mediator such as 
TNF‑α (3,13). In an LPS‑induced murine sepsis model, serum 
HMGB1 levels begin to increase 12‑18 h after peaking of 
TNF‑α levels, which occurs at 2 h (3,13,14). In murine models 
of sepsis induced by LPS or caecal ligation and puncture, 
inhibition of HMGB1 by specific antibodies protected mice 
from mortality (3,25), even when the antibody was adminis-
tered after TNF‑α had peaked (3). Furthermore, recombinant 
HMGB1 protein administration induced lethal organ dysfunc-
tion and recapitulated severe sepsis (3).

Originally identified as a chromatin‑binding protein 
associated with chromosomal DNA in the nucleus, HMGB1 is 
ubiquitous in the nuclei of all eukaryotic cells, where it has a 
critical role in stabilizing nucleosome formation and regulating 
transcription by binding to DNA and several transcription 
factors (3,14,26). Macrophages, monocytes and neutrophils 
are regarded as main sources of HMGB1 in inflammation (2). 
When cells undergo necrotic cell death, HMGB1 is released 
from the nuclei into the extracellular space  (11,13). This 
leads to passive leaking of HMGB1 into the extracellular 
environment, as the membrane integrity is disrupted during 
necrosis (3,13,14). Once released into the extracellular environ-
ment, HMGB1 acts as a DAMP and promotes inflammation, 
immune responses and tissue damage (2).

Nucleosomes, which are complexes formed by DNA and 
histone, are also excessively released from the damaged host cells 
that have died from apoptosis or necrosis (15,27); nucleosome 
levels are therefore correlated with the inflammatory response 
and organ dysfunction in sepsis (11,15). Circulating histones have 
a highly damaging effect on endothelium and tissues (10).

Recent studies have suggested that rTM directly or indi-
rectly decreases the serum levels of HMGB1, nucleosome and 
TNF‑α (3,19,22,23). HMGB1 binds to the D1 domain of TM in 
the thrombin‑TM complexes and is degraded by thrombin (19). 
In addition, histones in the form of nucleosome are degraded 
by APC, which is generated by activation of protein C 
by thrombin‑TM complexes  (19,22). Through proteolytic 
cleavage of extracellular histones, APC exerts cytoprotective 
effects (19,22,28). In addition, APC downregulates the produc-
tion of TNF‑α by macrophages/monocytes via the inhibition 
of the nuclear translocation of NF‑κB (22,23).

Figure 1. Protective effect of rTM on survival of LPS‑induced septic 
model mice. LPS (15 mg/kg) was injected into the peritoneal cavity (LPS 
group); 3 mg/kg of rTM was administered 30 min prior to or 2 h after the 
LPS‑injection (pre‑rTM group or post‑rTM group, respectively). Survival 
of LPS, pre‑rTM and post‑rTM groups (n=8 mice each) was monitored for 
up to 3 days. Values are compared between LPS group and pre‑rTM group 
or post‑rTM group. **P<0.01. LPS, lipopolysaccharide; rTM, recombinant 
thrombomodulin.
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Figure 2. Effects of rTM on the levels of TNF‑α, HMGB1 and nucleosome in sera. LPS (15 mg/kg) was injected into the peritoneal cavity (LPS group); 3 mg/
kg of rTM was administered 30 min before or 2 h after the LPS injection (pre‑rTM group or post‑rTM group, respectively). As a control, physiological saline 
was administered instead of LPS and rTM (control group). At the indicated time‑points (3, 6, 9 and 12 h after LPS administration in both groups and at 1 h 
after LPS administration in the rTM pre‑administration group), blood was collected and sera were prepared. (A) TNF‑α, (B) HMGB1 and (C) nucleosome 
were measured by ELISA. Values are expressed as the means ± standard deviation, and compared between control group and LSP group, and LPS group and 
rTM pre‑administration group or rTM post‑administration group. *P<0.05; **P<0.01. LPS, lipopolysaccharide; rTM, recombinant thrombomodulin; TNF, tumor 
necrosis factor; HMGB1, high‑mobility group box 1.

Figure 3. Effects of rTM on the levels of cytokines, HMGB1 and nucleosome in peritoneal fluids. LPS (15 mg/kg) was injected into the peritoneal cavity (LPS 
group); 3 mg/kg of rTM was administered 30 min before or 2 h after LPS injection (pre‑rTM group or post‑rTM group, respectively). As a control, physiological 
saline was administered instead of LPS and rTM (control group). At the indicated time‑points (1, 3, 6, 9 and 12 h after LPS administration; except 1 h in the rTM 
post‑administration group), ascites was collected and peritoneal fluids were prepared. (A) TNF‑α, (B) IL‑6 and (C) MCP‑1 were measured by cytometric bead 
array and (D) HMGB1 and (E) nucleosome were measured by ELISA. Values are expressed as the means ± standard deviation, and compared between control 
group and LPS group, and LPS group and rTM pre‑administration group or rTM post‑administration group. *P<0.05 and **P<0.01. LPS, lipopolysaccharide; 
rTM, recombinant thrombomodulin; TNF, tumor necrosis factor; IL interleukin; MCP, monocyte chemoattractant protein.
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In the present study, rTM administration improved 
the survival rate of mice in the rTM pre‑administration 
and post‑administration groups. rTM also suppressed the 
circulating levels of pro‑inflammatory cytokines such as 
TNF‑α at the early phase after the LPS‑injection. In addi-
tion, rTM suppressed the levels of HMGB1 and nucleosome 
in the rTM post‑administration group at the late phase after 
LPS‑injection. Significant elevations of HMGB1 and nucleo-
some in the systemic circulation occur considerably later 
(9‑12 h) than those of early pro‑inflammatory cytokines such 
as TNF‑α (1‑3 h) after the LPS‑injection. The present study 
revealed that rTM suppressed the serum levels of TNF‑α as 
well as HMGB1 and nucleosome, and eventually improved the 
survival rate. Based on these findings, it is speculated that rTM 
has the potential to suppress the levels of TNF‑α as an early 
pro‑inflammatory mediator as well as HMGB1 and nucleo-
some as late‑phase mediators, thereby reducing the mortality 
of LPS‑induced septic mice.

The activation of neutrophils induces NETosis, a neutrophil 
cell death distinct from apoptosis and necrosis (9,11), which is 
associated with the extracellular release of NETs together with 
de‑condensed chromatin and granular contents (7,9). NETosis 
reflects the increased levels of circulating nucleosomes (11,15). 
It has been reported that NETosis is induced at the early phase 
(180 min) after the LPS stimulation (9,29). In the present study, 
rTM suppressed serum nucleosome levels in the late phase 
but not in the early phase. Thus, rTM is unlikely to suppress 
NETosis, which may possibly have been accountable for 
increases in the nucleosome level in the early phase after the 
LPS injection, in the model used.

Furthermore, the effect of rTM on the local inflamma-
tory response was evaluated by measuring the levels of the 
pro‑inflammatory cytokines TNF‑α and IL‑6, the chemokine 
MCP‑1 as well as HMGB1 and nucleosome in the peritoneal 
fluids. rTM suppressed the levels of not only pro‑inflammatory 
cytokines but also chemokine in the peritoneal fluids. By 
contrast, HMGB1 was constitutively detected in the peritoneal 
fluids of control mice. Of note, HMGB1 levels were signifi-
cantly decreased by LPS, and the levels were not affected 
by rTM except at 3 h in the rTM post‑administration group. 
Moreover, the nucleosome level was slightly increased after 
the LPS‑injection, and unexpectedly the level was further 
increased by rTM. These observations suggested that the 
rTM‑mediated suppression of pro‑inflammatory cytokine 
and chemokine in the local milieu (peritoneal cavity) may 
contribute to the increased survival rate of LPS‑septic mice; 
however, the effects of rTM on the HMGB1 and nucleosome 
levels in the peritoneal cavity is unlikely relevant to the 
survival.

In the present study, administration of rTM prior to or after 
LPS similarly improved the survival rate of LPS‑induced septic 
mice. However, pre‑administration of rTM only suppressed the 
level of the early pro‑inflammatory mediator TNF‑α, whereas 
post‑LPS administration of rTM suppressed not only TNF‑α 
but also IL‑6 and MCP‑1 (mid‑phase mediators), as well as 
HMGB1 and nucleosome (late‑phase mediators). Thus, the 
suppression of early pro‑inflammatory mediators by rTM is 
likely to be more important for improving the survival rate 
than the suppression of the mid‑ and late‑phase mediators, as 
the survival in the pre‑ and post‑rTM groups was identical.

In summary, the present study revealed that the admin-
istration of rTM significantly improved the survival rate 
and suppressed the increased levels of TNF‑α, HMGB1 and 
nucleosome in sera, and TNF‑α, IL‑6 and MCP‑1 in peritoneal 
fluids in the LPS‑induced septic shock model. Thus, rTM may 
exert a protective action on sepsis and reduce the mortality, 
possibly by reducing not only cytokine and chemokine levels 
but also the levels of late‑phase mediators of sepsis.
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